Globally, sustainable provision of high-quality safe water is a major challenge of the 21st century. Various chemical and biological monitoring analytics are presently utilized to guarantee the availability of high-quality water. However, these techniques still face some challenges including high costs, complex design and onsite and online limitations. The recent technology of using microbial fuel cell (MFC)-based biosensors holds outstanding potential for the rapid and realtime monitoring of water source quality. MFCs have the advantages of simplicity in design and efficiency for onsite sensing. Even though some sensing applications of MFCs were previously studied, e.g. biochemical oxygen demand sensor, recently numerous research groups around the world have presented new practical applications of this technique, which combine multidisciplinary scientific knowledge in materials science, microbiology and electrochemistry fields. This review presents the most updated research on the utilization of MFCs as potential biosensors for monitoring water quality and considers the range of potentially toxic analytes that have so far been detected using this methodology. The advantages of MFCs over established technology are also considered as well as future work required to establish their routine use.
Summary
Globally, sustainable provision of high-quality safe water is a major challenge of the 21st century. Various chemical and biological monitoring analytics are presently utilized to guarantee the availability of high-quality water. However, these techniques still face some challenges including high costs, complex design and onsite and online limitations. The recent technology of using microbial fuel cell (MFC)-based biosensors holds outstanding potential for the rapid and realtime monitoring of water source quality. MFCs have the advantages of simplicity in design and efficiency for onsite sensing. Even though some sensing applications of MFCs were previously studied, e.g. biochemical oxygen demand sensor, recently numerous research groups around the world have presented new practical applications of this technique, which combine multidisciplinary scientific knowledge in materials science, microbiology and electrochemistry fields. This review presents the most updated research on the utilization of MFCs as potential biosensors for monitoring water quality and considers the range of potentially toxic analytes that have so far been detected using this methodology. The advantages of MFCs over established technology are also considered as well as future work required to establish their routine use.
Fundamentals and limitations of microbial fuel cells
Currently, eco-friendly bioelectrochemical systems (BESs) have shown outstanding potential to be a promising process for the recovery of valuable resources from wastewater (Wang and Ren 2013; Bajracharya et al. 2016) . The bestknown example of this technology is the microbial fuel cell (MFC). The MFC operates by utilizing micro-organisms as a biocatalyst to oxidize organic matter and generate electrical current at the anode chamber, which when coupled to the oxygen reduction, occurring at the cathode chamber, produces electrical power ( Fig. 1) (Modin et al. 2017) . In principle, BESs can be employed to turn wastewater, including organic matter, into energy in self-sufficient wastewater treatment plants. Actually, all the energy consumption process for activated sludge treatment, which is usually utilized to eliminate organic matter, can be minimized by BESs (ElMekawy et al. 2013 (ElMekawy et al. , 2017 . The scientific concept is very attractive, and numerous research investigations have been conducted in this field.
Nevertheless, there are some challenges facing the commercial application of these systems including huge capital costs. BESs comprise electrodes, current collectors, wiring and membranes, which increase the costs compared with conventional reactors used in wastewater treatment. If a BES is to completely or partially substitute the activated sludge system, it is expected that the value of generated product and the cost reduction resulting from decreased aeration requirements should be high enough to cover the system capital investment (Escapa et al. 2012; Modin et al. 2017 ). High energy productivities have been obtained by different setups using artificial nutrient including acetate (Fan et al. 2012 ). Yet, the efficiency of the system is usually much less using domestic wastewater (Escapa et al. 2015) . Because of the low conductivity of real wastewater, it causes large losses (Rozendal et al. 2008) . Furthermore, the low alkalinity leads to confined pH drops which mitigate the microbial activity (Marcus et al. 2011) . The high particle concentration and high rate of microbial growth can lead to severe problems like pipe blockage and separator fouling. Moreover, the organic compound complexity in domestic wastewater, which includes several interactions and competitions between different microorganisms, supports the regulation of current generation (Bajracharya et al. 2016) . Although MFCs are applied for wastewater treatment, the chemical oxygen demand (COD) concentrations of the treated domestic wastewater effluent are still high with 60-220 and 23-164 mg l À1 in continuous flow and fed-batch modes, respectively (Ahn and Logan 2013) . Accordingly, post-treatment is required for the waste from BESs to reach the permissible levels for biochemical oxygen demand (BOD), phosphorous and nitrogen (Jiang et al. 2015) . Thus, the ultimate aim of BESs is to cut energy consumption and magnify energy recovery from wastewater (Kim and Han 2013) .
The MFC as a biosensor
A search using the keywords 'microbial fuel cell' and 'sensor' in the ScienceDirect database retrieved 67 articles on this subject for the years [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] . Approximately 75% of these articles were published in the last 5 years, indicating the recent rapid growing interest in this field (Fig. 2) . About 1Á1 V is the hypothetical potential productivity of a MFC by utilizing acetate as substrate and using oxygen as electron acceptor (ElMekawy et al. 2014) . There are several kinds of losses associated with a MFC such as the losses resulting from activation, ohmic and mass transfer (Khaled et al. 2016) . Because of these losses, the output voltage will never reach its expected hypothetical rate. Huge efforts have been made to enhance the generated output power and voltage for MFCs (Pandey et al. 2016) ; however, results are yet to be promising for scaling up and commercial applications (Hou et al. 2014; Lanas et al. 2014) . MFC biosensors can be considered an alternative avenue that utilize the inadequate power of the MFCs to simply and sustainably monitor target analytes in aquatic environments in situ or online (Kim et al. 2007 ). The electrical current produced by an MFC is directly related to the electroactive metabolic action of the developed anodic biofilm (Di Lorenzo et al. 2014) , in which electrons are shuttled from this biofilm to the anode surface via two routes; direct electron transfer, i.e. by nanowires/direct contact, or through mediated electron transfer, i.e. mediators/extracellular matrix (Fig. 3a) . Any disturbances in their complex metabolic pathways could lead to a variation in electricity production. Keeping the operational factors constant, including temperature, pH and conductivity of the feed, will help to mitigate this current variation (Su et al. 2011) . The scientific concept of using MFCs as electrochemical biosensors depends on the developed anodic biofilm, which is working as a bioreceptor (the recognition element) (Chouler and Di Lorenzo 2015) . The response to the definite variation leads to change in the electron flow rate transfer to the anode, which acts as transducer converting the current change into a measurable signal (Fig. 3b) . In other types of amperometric biosensors, an applied exterior voltage is required to oxidize analyte or substrate to obtain a suitable functional biosensor. The driving potential of MFCs is secured by coupling the fuel oxidation on the anode surface and the oxidant reduction on the cathode surface (Lovley 2008) . The anodic oxidation reactions are the challenging step, in terms of using nonsaturated fuel which results in changing the biodegradable organic matter content in the feed, leading to a direct alteration in the total electrons moved to the anode and thus change in the output current (Di Lorenzo et al. 2014) . MFCs can be operated as biosensors under these parameters to monitor the level of organic carbon matter in water (Di Lorenzo et al. 2009b) . On the contrary, if the MFC is utilized under saturated fuel environments, with all other parameters such as pH, temperature, salinity and constant potential of anode electrode, a rapid alteration in the current output will occur as a result of the existence of abnormal matters in the feed (Stein et al. 2010 naturally created onto the biocompatible surface of the anode electrode throughout the enrichment (Di Lorenzo et al. 2009a) , which allows the MFC setup to biologically measure toxic components in water.
Critical operational parameters for MFC-based biosensors
There are some important requirements to apply to a MFC setup as a sensor which may differ from those related to its usage in energy generation. When the target is to produce electricity, the attention is mainly on increasing the fuel efficiency and power output (Logan and Rabaey 2012) , but if the target is to use the MFC as a biosensor, the focus will be on the high sensitivity detection of the desired compounds. The definition of sensitivity is the change of electrical signal per unit of the alteration in analyte content concentration and is typically influenced by the surface area of the anode (Eq. 1) (Di Lorenzo et al. 2014) .
Hence, the change of the current output is DI (lA), while the unit change of the analyte content is Dc (mmol l À1 ) and the surface area of the electrode is A (cm 2 ). Superior sensitivities are, therefore, related to changes in current per alteration of the target toxicant content. Furthermore, the sensor should produce a stable and constant current output which is called the baseline (Stein et al. 2010) . Accordingly, it is important to carefully govern the overpotential of anode and control the feed pH in the MFC. According to previous studies, anode potentials in the range of À0Á4 and À0Á35 V vs Ag/AgCl produce the highest stable output current density. The MFC biosensor stability must be further verified in the long-term process. The MFC biosensor outputs should be repeatable regardless of the operational parameters including fluctuation in pH, conductivity and temperature of the water samples (Abrevaya et al. 2015) . Furthermore, the response time, which is needed to reach 95% of the steady-state current, must be very short. The recovery time, which is required to recover from the applied disturbance, must be fast, and the initial baseline current must be fully recovered post to the toxic reaction. The application of artificial neural networks (ANNs) was suggested to understand the outputs of a MFC sensor (Feng et al. 2013) . ANNs are a form of mathematical model that are employed to measure nonlinear complicated relationships among input and yield data. Acetate, glucose, butyrate and corn starch could be accurately determined by ANN in an MFC operated under batch mode (Feng et al. 2013) . This model offers a good approach for the determination of target analytes from a signal response obtained by MFCs. Nevertheless, no relation between compound content and signal response were achieved for the studied chemicals. The benefits of MFCs over other types of biosensors are attributed to their simple operation and design in terms of mechanical and electrical aspects. For example, no external transducers are needed to translate the biological/organic response into a signal, as the pollutant, which flows in the feeding stream, is directly sensed by a specified current alteration via the system. MFC biosensors have been continuously operated onsite to deliver actual monitoring. Moreover, the electrical power output of the MFCs makes them ideal as sustaining devices, thus they can be appropriate for usage in remote areas without any energy sources (Melhuish et al. 2006) .
Challenges of biosensors in water quality monitoring
The recent development of biosensors offers great potential to monitor and control water and wastewater treatment quality in the various treatment plants, due to their simple compact design, disposability and cheapness. The biosensor mechanism includes a biological recognition component, which is integrated with a physical transducer to translate the biological response to an electrical signal based on the analyte content (Perumal and Hashim 2014) . Furthermore, it allows real-time monitoring, which mitigates the costs related to collecting the water samples and transporting them for further analyses. Enzymatic biosensors are widespread technology which are based on an electrochemical method of detection, and they have the advantage of distinguishing the target analyte with high sensitivity (Wang et al. 2014 ). Yet, they suffer from several challenges including high cost due to enzyme purification, time consuming immobilization procedures and poor durability and stability, which is attributed to loss of enzyme activity (Lagarde and Jaffrezic-Renault 2011) . The usage of bacterial cells gives an alternative to the enzymatic approach, particularly when huge quantities are needed. Microbial biosensors are widely versatile and selective to a variety of target analytes, as they have a large range of enzymes in their cells (Lagarde and Jaffrezic-Renault 2011) . The electrochemical routes, which are typically applied for microbial sensors, include conductometry, potentiometry and amperometry (Xu and Ying 2011) . Currently, microbial biosensors have mainly been employed to monitor water quality, but few commercial prototypes have been utilized for monitoring water toxicity as well (Su et al. 2011) . The super ability of some microbial strains to survive under harsh conditions, like high alkalinity, acidity, temperature and salinity, offers a promising perspective for water monitoring in industrial wastewater (Wang et al. 2014) . However, microbial biosensors are facing several challenges. These comprise limited selectivity, low recognition limits, high potential contamination with other strains and limited mass transmission due to the necessary permeation of substrates and products through the cells (Perumal and Hashim 2014) . These problems hinder the onsite application of biosensors. Biosensors employ a specific group of micro-organisms and can only sense certain target chemicals and are unsuitable for the in situ monitoring of unanticipated shocks in wastewater (Eltzov et al. 2009; Woznica et al. 2010) . Furthermore, the immobilization of enzymes or micro-organisms on the surfaces of biosensors has not been verified under harsh water environments, and they have limited durability, e.g., several hours or few days (Curtis et al. 2009; Woznica et al. 2010; Dong et al. 2012 ) which renders them unsuitable for long-lasting quality monitoring during wastewater treatment processes. Moreover, the current biosensors require external power sources and/or further dissolved oxygen (DO), conductivity and pH probes to measure the exact changes of various parameters (Kumlanghan et al. 2008; Oh and Park 2011) . Because of all these obstacles, the long-term remote real-time monitoring in harsh conditions is currently limited. In addition, the delay in the biosensor response time hinders the timely action to overcome the shock effects. For example, anaerobic granule biosensors were utilized as an early alarm for the presence of copper and phenol in the influent of wastewater , but the delay (6-20 h) in the response time hindered the practical on-line detection applications of this biosensor.
Analytical applications of MFC biosensors
The potential of electrical current generated by MFCs, in addition to their abilities to support onsite and real-time monitoring of various analytes, could permit them to work as effective biosensors. MFCs have been studied as biosensors for BOD, toxicity, DO, pathogenic bacteria and volatile fatty acids (VFA), which are extremely relevant determinants for usable water production (Table 1) . Several MFC setups were studied and proved to be efficient biosensors for different analytes (Fig. 4) .
Biochemical oxygen demand
Biochemical oxygen demand is the quantity of biodegradable matter in water and is considered as a common factor to control and assess a wastewater treatment plants performance. The conventional technique to quantify BOD takes from 5 to 7 days and should be performed by trained persons. As a result, MFC-based BOD sensors were designed based on the microbial degradation of organic matter and its conversion into an electrical current, which can be used as an alternative to the conventional method (Modin and Wil en 2012) . One of these BOD sensors was developed as a cheap simple single chamber MFC using anodic carbon substrate and activated sludge, and its practicability was verified as a realtime BOD monitoring system (Yang et al. 2013 reaction time was reduced to 5 h, the sensing ability decreased with a level of BOD up to 320 mg l À1 . Using external voltage apparatus for MFC biosensors confines their remote usage for online monitoring in distant locations. Accordingly, self-generated power, floating biosensors were designed for real-time water quality monitoring, which eliminated the need for external power and its maintenance usually integrated in other setups (Pasternak et al. 2017 ). For example, the self-generated power biosensor has the capability to sense urine in freshwater and produce the required energy to run the biosensor through the usage of electroactive micro-organisms. The COD was utilized as a rapid technique of biosensor validation. The biosensor can detect urine content that surpassed the minimum threshold (COD 57Á7 mg O 2 l À1 ). A shorter detection time (61 min) was obtained, when the urine content was 149Á7 mg O 2 l À1 .
Similarly, a sensor, based on a submersible MFC, was designed for in situ detection of microbial growth rate and BOD in groundwater (Zhang and Angelidaki 2011) . This biofilm-based anode exhibited linear correlation with BOD concentration, up to 250 mg l À1 in 0Á67-h response time. Alternatively, BOD sensors were applied in the field of early monitoring of feed water quality. This technique is beneficial to monitor the biofouling onset of reverse osmosis (RO) membranes utilized for seawater desalination (Quek et al. 2015) . Biofouling can be considered one of the most critical challenges in desalination systems, because it leads to serious negative circumstances including flux decline, short membrane lifetime and elevated energy consumption. Recent biofouling detection systems are offering early alarm by measuring the silt density index (Alhadidi et al. 2011) , total direct cell counts (Jeong et al. 2012 ) and the biofilm formation rate (van der Kooij 1992) before operating the RO process. Therefore, assimilable organic carbon (AOC) detection in the feed stream of RO plants is a practical technique for the estimation of the potential biofouling. An AOC monitoring marine MFC biosensor was developed and inoculated with a marine sediment microbial strain and monitored over a period of 36 days. The results revealed a linear relationship between electrochemical signals and acetate content, in the range of 0-150 lmol l À1 (0-3600 lg l À1 of AOC). Nevertheless, this biosensor showed a deviated linear relation at high acetate content varying from 150 to 450 lmol l À1 (3600-10 800 lg l À1 of AOC).
Water toxicity
The variation in wastewater properties produced by municipal and industrial activities can directly influence the efficiency of wastewater treatment plants. The presence of toxins, including chromium, cyanide and nickel, can cause severe irreversible damage to the biomass, while the existence of some organic and/or inorganic pollutants like nitrate, organic carbon matters and detergents can result in variation in the routine processes of wastewater treatment plants. Most wastewater quality measurements are chemically analysed off-site, which causes delays in restoring normal operation. Accordingly, emerging real-time shock sensors turn out to be very important to measure the quality of wastewater influent as an online early timely alarm , to assure environmental water safety and community health . The current biosensors utilize higher organisms including fish or the usage of algae or bio-luminescent micro-organisms (Andreescu and Marty 2006; Tencaliec et al. 2006) . These sensors respond with different signals like variation of movement or light strength.
The main drawback of such biosensors is the necessity of a transducer to convert the signal obtained by the organisms into an electrical signal, which can be correlated to different factors. The reliance on a transducer can cause inaccuracy because of the measurement difficulties of the signals or nonlinear trend of the signals. Therefore, the design of new sensors based on directly obtained signals should be easily and accurately translated into data (Stein et al. 2012a) . The direct form of measurement provided by an electrical signal is favourable since it can be easily read and is transducer-free. Several MFC-based biosensors were developed as real-time sensors for toxicant detection in water. Since the existence of the chemical toxicants can mitigate the generated electrical current output by MFCs, this allows the MFC to work as a sensor to monitor the chemical toxicants in water (Kim et al. 2007) . Nevertheless, there is a delay in response of MFC sensors and measuring sensitivity is hard to guarantee, depending on the alteration of environmental conditions. The delay in response time can be tackled by the optimization of MFC sensors in terms of structure and components (Jiang et al. 2017c) . A single chamber MFC was used as a biosensor for online detection of toxic contaminants, including nitrate, iron, chromium and sodium acetate in a wastewater stream . The results revealed that the MFC can monitor the toxins and differentiate them from nontoxins as interpreted by the variation in voltage signal. In particular, the batch mode displayed effective differentiation between Cr 6+ , Fe 3+ , NO 3 À and NaAc effluents, especially the low content of Cr 6+ which caused specific voltage drop, relative to the higher contents of Fe 3+ . There was no specific voltage alteration in the case of a nontoxic compound like NO 3 À , while the usage of NaAc led to a sharp increment in the voltage signal, due to its favourable status as a source of metabolizable organic matter for the anaerobic bacteria which generate electricity in the MFC. The MFC was able to retain its sensing efficiency after 65 h of initial running time . For the first time, the biocathode for oxidation reduction reaction was utilized as a sensor in an MFC for toxicity measurements. According to the obtained results, the sensor sensitivity of the MFC including biocathode (7Á4-67Á5 mA cm À2 ) was much superior than that achieved by a bioanode sensor (3Á4-5Á5 mA cm À2 ) (Jiang et al. 2017b ).
Stacked MFC setups were also tested as a biosensor to improve monitoring of toxicants in water (Jiang et al. 2017c) . A cathode-array based MFC sensor was developed to improve detection sensitivity by mitigating the variation of cathode performance, according to the concept that only the bioanode can sense and be used directly as a transducer element (Jiang et al. 2017c) . A four MFCbased array was tested with different contents of Cu 2+ to evaluate its performance. An immediate voltage drop was detected and a linear correlation among inhibition ratio and contents was achieved when the MFCs were tested with Cu 2+ (2-6 mg l À1 ).
Additionally, small-scale MFCs were investigated as biosensors in several studies. A single small-scale MFC, developed as a rapid 3D printing prototype, was verified as a biosensor for online water quality measuring (Di Lorenzo et al. 2014 ). This MFC acted as a COD sensor in water through using acetate as feed substrate. The linear sensing sensitivity was 0Á05 lA mmol l À1 cm 2 , based on the anode surface area and in the range of 3-164 ppm. The size reduction of a MFC can lead to rapid response time as fast as 2Á8 min and can sense, with better sensitivity (0Á2 lg l À1 cm 2 ), the presence of cadmium in water. Furthermore, a toxic compound (0Á1% formaldehyde) was detected using a new silicon-based design comprising compact and planar MFCs (D avila et al. 2011) . This mini device contains a proton exchange membrane positioned between two silicon plates that work as current collectors with array channels. The mini device has been employed to detect the toxicity sensor by passing a steady current while detecting variations in the output power. A decrease in the power generation was measured when a toxic matter was added to the anode chamber. The compact style of these mini devices enables their application as a standalone measurement device or as an array of sensors to maximize the throughput processing.
The components and the operation of the MFC biosensors were investigated to improve their response and sensitivity. In this context, a study was conducted to optimize the flow designs and the control modes of the MFC biosensor (Jiang et al. 2015) . Results showed that the sensitivity was enhanced by between~15-41 times when a flow-through anode mode was applied, relative to the ones with a flow-by anode. The sensors functioning in the governed anode potential mode improved the sensitivity over those working in the steady exterior resistance mode over a wide range of anode potentials from À0Á41 V to +0Á1 V. In addition, the sensitivity of a MFC biosensor for nickel was examined (Stein et al. 2012a) . The response time of the sensor was maintained and the sensor sensitivity (0Á0027 A m À2 mg À1 Ni/l) at an anode potential (À0Á4 V). The obtained current density was linked to the reduction in nickel content. An online biomonitoring setup was also designed using MFCs to measure the existence of toxic substances in wastewater treatment plants (Shen et al. 2012) . A fast reduction in voltage was detected immediately after adding HCl, tailed by a subsequent recovery. Moreover, the effect of the external resistance scaling on the recovery and sensitivity time of the MFC-based biosensor was explored (Stein et al. 2012b) .
Dissolved oxygen
Oxygen is essential for numerous chemical, biological and biochemical reactions in natural waters. DO is undoubtedly one of the most significant and regularly used factors connected to the quality of water (Zhang and Angelidaki 2012) . The levels of DO offer an important quality indication regarding the biochemical and biological operations in aquatic environments. A large number of physical, chemical and electrochemical procedures have been created to detect DO in water (Chen et al. 2007) . Although electrochemical approaches are commonly used, due to their simple design and superior sensitivity, the biological forms of these methods were also investigated in a few studies. One of the early trials, to use a bioelectrochemical sensor for DO, was conducted by developing a submersible MFC biosensor for in situ and online detection of DO in aquatic environments (Zhang and Angelidaki 2012) . Domestic wastewater was employed as a substrate for powering the sensor. The sensor performance was tested with tap water as standard at different DO levels. Using an exterior resistance of 1000 Ω, the generated current density by the sensor was in the range of 5Á6-462Á2 mA m À2 ; hence, it linearly increased with the increment of DO level up to 8Á8 mg l À1 , associated with a response time less than 4 min for each measurement.
Pathogenic bacteria
The presence of Escherichia coli is an indication of faecal contamination; therefore, an accurate quantitative measurement of E. coli can be considered an important key to secure public health. A MFC was utilized as a sensor for E. coli, and defined enzymes in E. coli, like b-D-galactosidase (GAL) and b-D-glucuronidase (GUS), were used as biological monitoring elements (Kim and Han 2013) . 4-aminophenyl-b-D-galactopyranoside was employed as a substrate for GAL monitoring, while 4-nitrophenyl b-Dglucuronide and 8-hydroxyquinoline glucuronide were utilized for GUS measurements. The working mechanism of these substrates is based on the hydrolysis by GAL or GUS, and then they are activated electrochemically, followed by an oxidation step in the anode chamber of the MFC. The power generated by the MFC reactor amplified sharply as the concentration of E. coli reached the critical range.
Volatile fatty acids
Volatile fatty acid concentrations are used to indicate the efficiency of several bioprocesses, e.g. anaerobic digestion. Among the VFAs formed, propionate, acetate and butyrate are usually the most available compounds and so have an important effect on assessing bioprocess performance. The growth of a simple and cheap sensor like a MFC to detect small chain VFAs will allow its application in this vital bioprocess. Yet, the usage of MFCs as transducers necessitates reliable microbial biocatalysts at the anode chamber. Conductive polymer and/or carbon composites electrodes were operated to improve the stability of the sensor signal as a function with time, repeatability and a rapid response time to changes in acetic, propionic and butyric acid contents. The negatively charged biofilm immobilization on the anode carbon-based electrode was enhanced by tailoring its surface with functionalized polymeric coatings, e.g. poly(pyrrole) and polyacrylamide (Kaur et al. 2014) . Also, the anode electrode modification with these polymers can increase voltage output, current generation, stability and recovery rate of the sensor's response. Compared with pristine electrodes, the most achievements were obtained in sensitivity, steadiness and repeatability, which was attributed to the usage of the positive poly pyrrole functionalization. The content of these organic acids from 0-60 mg l À1 in aqueous solutions can result in the same signals.
MFC-based biosensors: market competitive or labconfined technology
The relatively low power output of MFCs has driven research towards new applications for this technology to suit its performance. One of these promising applications is MFC-based biosensors, which had gained interest in the last three decades. MFC biosensors have the advantages of being small which positively reflects on their scaling up and which is considered as the main challenge of microbial electrochemistry. Moreover, the capital investment for installing these biosensors will be very small. Using MFC as BOD sensors was one of the first projected applications for MFC-based biosensors, with more than 33% of the current research, in the area of MFC biosensors, directed to BOD sensing application. Although the range of sensed analytes using MFC BOD biosensor and detection time are comparable to commercial sensors (1000 mg l À1 detected in 5 days), the key challenge of MFC biosensors is their comparatively low sensitivity (Jiang et al. 2017a) , which may lead to a possible lapse in warning when applied for water quality monitoring. An approach to develop the commercial application of MFC-based biosensors systems is discovering new microbial consortia which have superior electrogenic potentials, enabling the fast metabolization of a broad range of organic materials. By using immobilized cells and free or immobilized mediators, tiny, practical and inexpensive devices could be developed. Creation of recombinant bacterial cells could also be a potential approach for improvement. However, the information about the genetics of extracellular electron shuttling to electrodes is possibly not fully developed to implement common techniques such as gene manipulation or directed mutations. In addition, novel MFC systems should be developed which can efficiently extract energy from MFC devices Xu et al. 2016) . Moreover, the convergence between nanotechnology and microbial electrochemistry could result in super conductive electrodes with improved efficiency. This could be implemented by integrating superior nanomaterials, e.g. graphene, into the fabrication of MFC electrodes. This integration was barely investigated in very few studies for the application of MFC-based biosensors. These innovations should be tested in real industrial applications before the commercialization of MFC-based biosensors technology.
Conclusions
The rapid global population growth causes huge challenges to secure safe fresh water and to treat wastewater. Efficient, practical and rapid onsite water quality sensors with cheap and simple design are greatly needed to give an early alarm of the presence of toxins and acquire more relevant environmental data in real time. MFC technology has great potential to meet these requirements, particularly the recent small-scale devices developed to operate with high sensitivity. MFC-based biosensors have simple and cheap construction, relative to other kinds of microbial biosensors, which require complicated and high cost transducers and electronic elements to operate, e.g. like the microbial bioluminescence-based biosensors.
Although MFC biosensors can be considered a standalone technology to accomplish measurement of numerous analytical targets in real-time, compared with other traditional analytical devices, their stability, repeatability, sensitivity and selectivity still need to be improved. Therefore, with the enhancement of the analytical characteristics, MFC-based biosensors will reach acceptance and soon will be approved as a standard analytical technique. The focus of researchers should go on fabricating low cost and simple designs of MFC-based sensor devices through utilizing cheap and durable electrode and membrane materials. This way, the total costs of the MFC biosensor will be reduced by using cheap and effective elements, e.g. graphene-based electrodes, thus providing economically competitive and productive scaled up commercial units. In addition, more work is required on the isolation of novel bacterial strains that are capable of maintaining biofilm structure and MFC activity when exposed to increased ranges of toxic compounds that are present in many wastewaters. MFCs have considerable promise to be robust sensors that work in realistic environments, under harsh conditions, while still producing an acceptable output response.
